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Abstract
In this work, we develop an environmental-friendly approach to produce organic-inorganic
hybrid MAPbBr; (MA = CH3NHj;) perovskite nanocrystals (PeNCs) and PMMA-MAPDbBr;
NC films with excellent compression-resistant PL characteristics. Deionized water is used as the
solvent to synthesize MAPbBr; powder instead of conventionally-used hazardous organic
solvents. The MAPbBr; PeNCs derived from the MAPbBr; powder exhibit a high
photoluminescence quantum yield (PLQY) of 93.86%. Poly(methyl methacrylate)
(PMMA)-MAPDBr; NC films made from the MAPbBr; PeNCs retain ~97% and ~91% of
initial PL intensity after 720 h aging in ambient environment at 50 °C and 70 °C, respectively.
The PMMA-MAPbHBr; NC films also exhibit compression-resistant photoluminescent
characteristics in contrast to the PMMA-CsPbBr; NC films under a compressive stress of
1.6 MPa. The PMMA-MAPbBr; NC film integrated with a red emissive film and a blue light
emitting source achieves an LCD backlight of ~114% color gamut of National Television
System Committee (NTSC) 1953 standard.

Supplementary material for this article is available online

Keywords: organic-inorganic hybrid perovskite nanocrystals, deionized water, compression-
resistant backlight films, display

(Some figures may appear in colour only in the online journal)

Introduction needed to illuminate the display panel. Currently, LCDs with

a quantum-dot (QD) backlight have been developed and
Liquid crystal displays (LCDs) are one of dominant display promoted over past years [4—8], which is based on the effect
technologies in contemporary world, with applications span- of quantum confinement and superior solution-processability.
ning smartphones, computer monitors, televisions (TVs), etc The progress in the synthesis of lead halide perovskite
[1-3]. A backlight as a pivotal component of LCDs is usually QDs or nanocrystals (NCs), which are regarded as potential
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backlight materials, has led to rapid advancement and pre-
sented a great opportunity for next-generation lighting and
displays due to their excellent brightness and color purity,
high light-absorption coefficient, high defect tolerance, and
cost-effective and facile preparation process [9]. Inorganic
lead halide perovskites also possess good stability [10—13].
However, inorganic lead halide perovskites can experience
phase transition [14-17] and photoluminescence (PL) shift
under pressure [18], which can impede the applications of
inorganic lead halide perovskites in backlights. This is
because the PL nonuniformity of backlights from insufficient
luminance in a local dimming zone can cause clipping effect
[2]. There is a great need to find solutions to the pressure-
induced PL shift and the clipping effect associated with
mechanical stress/deformation for the applications of per-
ovskites in flexible display.

There are reports that organic-inorganic hybrid per-
ovskites can maintain a high color purity regardless of crystal
size due to their intrinsic quantum-well-like structure [19, 20]
in contrast to inorganic lead halide perovskites. For example,
sandwiching a two-dimensional (2D) organic cation layer
between 2D inorganic layers of metal halide octahedra forms
a quantum-well-like structure from organic-inorganic hybrid
perovskites [21]. Organic-inorganic hybrid perovskites with
unique properties of extremely high optical absorption, small
effective masses for electrons and holes, dominant point
defects that only generate shallow levels, and grain bound-
aries that are essentially benign, have attracted great interest
as promising materials (most notably CH;NH;(Pb,Sn)(I,Br);
(MA(Pb,Sn)(I,Br);)) for high-performance optoelectronic
devices [20].

Currently, most methods for the preparation of lead
halide perovskite nanocrystals (PeNCs) have involved the use
of volatile-organic and toxic-organic solvents of octadecene
(ODE) [22], dimethyl formamide (DMF) [23-26], dimethyl
sulfoxide (DMSO) [23, 27] etc and are not environmental-
friendly for sustainable commercialization. Developing
environmental-friendly methods for the synthesis of PeNCs is
of practical importance to reduce harmful impacts to our
planet. In addition to solution-based methods, there are sol-
vent-free methods, which are also referred to solvent-free
mechanochemical methods, available to synthesize PeNCs.
These methods are mainly based on ball milling [28], which
requires high energy and high stress to activate the reactions
between different powders via the impact and attribution with
hard balls made from steel and /or ceramics. The reactions are
under high stress, and the impact and attribution likely
introduce impurity from the hard balls to the MAPbBr; and
CsPbBr; nanocrystals. It needs to be pointed out that organic
solvents are needed for the storage of MAPbBr; and CsPbBr;
nanocrystals, since they can experience coarsening and easily
adsorb quenchers at room temperature. Recently, Lin et al
[29, 30] demonstrated the feasibility to synthesize MAPbBr1;
and CsPbBr; microcrystals with deionized (DI) water and
2-methyl-imidazole. However, 2-methyl-imidazole is an
organic compound, which is detrimental to the tissue of
mucous membranes and upper respiratory tract [31], and
experimental studies revealed that exposing rats to 2-methyl-

imidazole can increase the rate of thyroid gland cancers and
liver tumors [32]. Also, this method adds impurity (PbBr
(OH)) in MAPbBr3 microcrystals, which reduces the PLQY
(photoluminescence quantum yield) of MAPbBr; powder and
impairs carriers’ transport for MAPbBr;-based optoelectronic
devices, leading to the performance degradation of the asso-
ciated devices.

This work is targeting at the development of an envir-
onmental-friendly method to synthesize organic-inorganic
hybrid MAPbBr; PeNCs (as shown schematically in figure 1)
and investigate PL characteristics of poly(methyl methacry-
late) (PMMA)-MAPbBr; NC films under compression
instead of under bending in the study of the bending-endur-
able PL characteristics of PMMA-CsPbBr; NC films by Tang
et al [33]. In contrast to conventional methods with envir-
onmentally hazardous solvents, such as ODE, DMF and
DMSO, as the precursor solvent, we used deionized water as
sole solvent in the production of MAPbBr; powder following
the method developed by Tang et al [33] in the green prep-
aration of CsPbBry powder. X-ray diffraction (XRD) was
used to confirm cubic structure of the prepared MAPbBr;
without any other crystals/impurities in contrast to the ball
milling [28] and PbBr(OH) [29, 30] from the use of 2-methyl-
imidazole. Organic-inorganic hybrid MAPbBr; PeNCs were
derived from the prepared MAPbBr; in toluene under ultra-
sonication. Using the MAPbBr; PeNCs, we constructed
PMMA-MAPbBr; NC films as potential backlight films for
LCDs. The photoluminescence quantum yield (PLQY) of the
prepared MAPbBr; PeNCs reached 93.86%. The prepared
PMMA-MAPDbBr; NC films retained ~100% of initial PL
intensity at 50 °C over a period of 30 d, demonstrating
excellent thermal stability, and exhibited compression-resis-
tant PL characteristics without significant change in the PL
intensity under a compressive stress of 1.6 MPa or less.

Results and discussion

Figure 1 presents a schematic for the production of MAPbBr;
NCs, which consists of two steps. The first step focuses on the
synthesis of MAPbBr; powders. A suitable amount of water
was added into a glass vial with equimolar MABr and PbBr,
precursor powders, leading to the formation of white pre-
cipitates (figure S1 (available online at stacks.iop.org/NANO/
33/235605/mmedia), supporting information). A layer of the
white precipitates was heated on a hot plate at 40 °C for
30 min. The heating of these white precipitates resulted in the
formation of orange powders, which emit green light under UV
irradiation (figure S2, supporting information).

The XRD spectra of the orange MAPbBr; powders
(figure S3, supporting information) reveals the (100), (110),
(200), (210), (211), (220) and (300) crystal planes of
MAPDBBr; crystal of cubic phase [34, 35]. The reactions
responsible for the formation of MAPbBr; crystals are illu-
strated as below.

MABI(s) + PbBn(s) — MA(aq) + Pb2*(aq)
+ 3Br(aq) (D
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Figure 1. Schematic of the production of MAPbBr; NCs.

MA*(aq) + Pb>*(aq) + 3Br-(ag) — MAPbBi(s)  (2)

3)
“

First, MABr reacts with PbBr, in DI water at room
temperature to form orange MAPbBr; immediately
(equations (1) and (2), figure S1(a) in supporting informa-
tion). Note that the solubility of MABr in water is much larger
than PbBr, in water at room temperature (figure S4 in sup-
porting information). The orange MAPbBr; precipitates react
further with MABr in DI water to produce white precipitates
of MA,PbBr¢ [36] (equation (3), figure S1(b) in supporting
information), and PbBr, residual precipitates in DI water.

Heating the resultant precipitates, which consist of
MAPbBrg and PbBr;,, at 40 °C produces MAPbBr; powders
(crystals of cubic phase) (figure S3), similar to the reaction
reported by Akkerman et al [37]. The as-obtained MAPbBr;
powders emit strong green light under ultraviolet (UV) light
(365 nm in wavelength, same hereinafter).

In the second step, the as-obtained MAPbBr; powders
were placed in a suspension, which consisted of toluene and
ligands of oleic acid (OA) and oleylamine (OAm). The as-
obtained MAPbBr; powders in the toluene suspension were
subsequently exposed to ultrasonic wave in an ultrasonic bath
to produce MAPbBr; PeNCs. The ultrasonic wave exerted
radiation force on the MAPbBr; powders in the suspension
and caused breakage of the MAPbBr; powders to MAPbBr;
crystals of nano-sizes through the formation and growth of
cracks [38]. Such a process leads to the production of
MAPDbBr; PeNCs in toluene.

Figure 2(a) presents TEM (transmission electron micro-
scopy) and HRTEM (high resolution transmission electron

MAPbBzr(s) + 3MABr(s) — MA 4PbBrg(s)

MA 4PbBrg(s) + 3PbBn(s) 22°C AMAPbBr(s).

microscopy) images of MAPbBr; PeNCs and the energy-
dispersive spectroscopy (EDS) mapping of Pb and Br. The
specimen for the TEM analysis was from the supernatant of
an as-obtained NC solution after centrifugation at 8000 rpm
for 5 min. The size distribution of the MAPbBr3; NCs from the
TEM image is presented in figure S5 (supporting informa-
tion), revealing that the average size of the MAPbBr; NCs is
~5 nm; the lattice spacing is measured to be ~(0.294 nm from
the HRTEM image, corresponding to (200) crystal plane [35].
Both Pb and Br are presented in the specimen, as shown in the
EDS mapping. Figure S6 in supporting information presents
the EDS spectrum of the prepared MAPbBr; nanocrystals,
and table S1 in supporting information summarizes elemental
information. According to table S1, the atomic ratio of Pb to
Bris ~1:3 in good accord with the stoichiometric ratio of Pb
to Br in MAPbBr;, confirming the formation of MAPbBr;.
Note that the element C presented in the EDS spectrum is
from the carbon film on the copper grid holder for the TEM
imaging and the specimen. The element N is from the ligands
(OA and OAm) and CH;NHjs- ions, and the element Cu is
from the copper grid holder.

The XRD pattern of the MAPbBr; NCs from the
supernatant of an as-obtained NC solution after centrifugation
at 8000 rpm for 5 min (figure 2(b)) reveals cubic phase of
MAPbBBr; PeNCs in agreement with the EDS analysis from
figure 2(a). There are three peaks centered at 14.97°, 30.08°
and 33.8° corresponding to the (100), (200) and (210) crystal
planes of cubic CsPbBrj;, respectively, according to the
PDF#54-0752 and the report given by Schmidt er al [35].
Using the Scherrer equation (D = K\/fcos6; D, K, A, 3 and
0 are average crystallite size, shape factor, wavelength of
x-ray, half width and diffraction angle of the XRD peak,
respectively) for the MAPbBr; NCs from the supernatant, we
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Figure 2. Characteristics of MAPbBr; PeNCs: (a) TEM image (upper-left corner), HRTEM image (upper-right corner) and EDS mapping
(bottom) of Pb and Br, (b) XRD pattern in consistence with the PDF card#54-0752, and (c) UV-vis absorbance and PL spectrum (inset). The
specimen for the TEM and XRD analyzes was from the supernatant of an as-obtained NC solution after centrifugation at 8000 rpm for 5 min.

estimate the average size of the MAPbBr3 NCs to be ~5 nm,
comparable to that from figures 2(a) and S5. The sonication of
MAPDbBr; powders in the toluene suspension did not cause
any phase change to the MAPDbBr; crystals. The UV-vis
absorption spectrum in figure 2(c) shows that the MAPbBr;
NC solution has a strong absorbance at ~488 nm, and the PL
spectrum (inset of figure 2(c)) demonstrates the green emis-
sion of the MAPbBr; NC solution at 511 nm. The PLQY of
the MAPbBr; NCs in toluene reached 93.86%. It is worth
mentioning that different excitation lights can produce dif-
ferent values of PLQY. Two excitation lights with wave-
lengths of 365 nm and 390 nm were used to determine the
PLQY of the MAPbBr; NCs in toluene, and table S2 (sup-
porting information) summarize the results. The average
PLQY under an excitation wavelength of 365 nm is 93.86%,
higher than 90.60% under an excitation wavelength of
390 nm. Such a difference can be attributed to that the shorter
the wavelength, the higher is the energy of a photon, likely
resulting in the generation of multiple excitons, i.e., one
photon of a high energy can produce multiple photons and
excitons [39].

We prepared a suspension by mixing the MAPbBr; PeNCs
in a PMMA (Myw = 35000) (Fisher Scientific, Pittsburgh, PA)
solution with toluene as solvent and coated a layer of the sus-
pension on the surface of polyethylene terephthalate (PET)
substrates (2.5 x 2.5 x 0.08 cm’ in dimensions) to produce
polymer composite films consisting of a PMMA matrix and
MAPDLBr; PeNCs dispersed in the PMMA matrix. The films,

which are referred to as PMMA-MAPbBr; NC films, were used
as backlight films in ultrawide color gamut LCD.

Figure 3(a) depicts an optical image of a
PMMA-MAPbBr3 NC film on a PET under UV light. There
was green emission from the film. From the optical image of
the cross-section of a PMMA-MAPbBr; NC film in
figure 3(a), the thickness of the PMMA-MAPbBr; NC film is
estimated to be 18.57 £ 0.69 um.

Figure 3(b) shows the UV-vis absorbance (blue line) and
PL (coffee line) spectra of the PMMA-MAPbBr; NC films,
which exhibit absorption and PL peaks at 517 and 523 nm,
respectively. The difference between the PL and absorbance
peaks yields a small Stokes shift of 6nm, indicating the
presence of reabsorption loss [40], i.e. a significant overlap of
absorption and photoluminescence spectra can cause
remarkable reabsorption, leading to a lower band to band
emission. Note that the Stokes shift corresponds to an exciton
binding energy [41]. The Stokes shift of 6 nm yields an
exciton binding energy of 27.5 meV, which is comparable to
the thermal energy (kgT; kgand T are the Boltzmann constant
and absolute temperature, respectively) of 25.9 meV at room
temperature, resulting in moderate light emission due to the
dissociation of photogenerated carriers [42] and the decrease
of number of electron-hole pairs. Such a small difference
between 27.5 meV and 25.9 meV suggests that the PMMA
reduces the number of emitted photons, as supported by the
PLQY of 13.12% for the PMMA-MAPbBr3; NC films.

The absorbance spectra of the PET, PET/PMMA
(PMMA coated on PET) and glass/PMMA (PMMA coated
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Figure 3. (a) Optical images of a PMMA-MAPbBr; PeNC film on a PET substrate (2.5 x 2.5 cm?) under UV light (upper-left corner) and
cross-section of the PMMA- MAPbBr; PeNC film, (b) UV-vis absorbance (blue line) and PL (coffee line) spectra of PMMA-MAPbBr;
PeNC films, (c) XRD patterns of a fresh PMMA-MAPbBr; PeNC film (blue line) and the same film placed in ambient environment for 30 d
(magenta line), (d) pole figures for (100) and (200) planes of the PMMA-MAPbBr; PeNC film placed in ambient environment for 30 d, (e)
PL spectra of the fresh PMMA-MAPDbBr; PeNC film (blue line) and the same film placed in ambient environment for 30 d (yellow line), and
(f) temporal evolution of the PL intensities of the PMMA-MAPbBr3; PeNC films at 50 °C (80% relative humidity (RH)) and 70 °C (80% RH)
over a period of 30 d. Error bars stand for standard deviation of the percentage of PL intensity.
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on glass) are presented in figure S7 in supporting information.
It is evident that both the PET and PET/PMMA exhibit long
Urbach tail in the absorbance spectra and the glass/PMMA
does not. This result reveals that the long Urbach tail pre-
sented in figure 3(b) is due to the strong absorbance from the
PET substrate.

We use the temporal evolution of the XRD pattern and
PL characteristics to examine the structural and optical sta-
bilities of the PMMA-MAPbBr; NC films. Figure 3(c) pre-
sents the XRD patterns of a fresh PMMA-MAPbBr; NC film
and the same PMMA-MAPDbBr; NC film placed in ambient
environment (21.0 °C and 80% RH) for 30 d, respectively.
There are two dominant peaks corresponding to the (100) and
(200) planes of the MAPbBr; PeNCs. There is no observable
difference between the XRD patterns, indicating no phase
transformation and dissociation of the MAPbBr; PeNCs.
Such a result suggests excellent structural stability of the
PMMA-MAPDbBr; NC films.

Figure 3(d) presents the X-ray pole figures ((100) pole
and (200) pole) of a PMMA-MAPbBr; NC film. The larger
and darker spot at the center of (100) pole figure than that at
(200) pole figure reveals a stronger orientation of (100) plane
than (200) plane, corresponding to the results in figure 3(c).
Such a result indicates that the MAPbBr; NCs with the
orientation on (100) crystal plane have more ‘uniform and
ideal’ growth along (100) direction than (200) crystal plane.
Note that the (100) plane is different from the (200) plane due
to atomic difference—the (100) plane consists of MA
(C12-I3NH3+) and Br, and the (200) plane consists of Br~ and
Pb**.

Figure 3(e) depicts the PL spectra of a fresh
PMMA-MAPbBr; NC film and the same PMMA-MAPbBT;
NC film placed in ambient environment (21.0 °C and 80%
RH) for 30 d, respectively. There is a PL peak centered at
523 nm for both films, and no PL shift is observed. The peak
intensity remains nearly unchanged for the period of 30 d in
ambient environment. Such results are in good accord with
the absorbance results (figure S8, supporting information), in
which the absorption peak and intensity remain unchanged
over the same period.

For comparison, MAPbBr; NCs were coated on a PET
substrate to form a layer of MAPbBr; NC film. Figure S9 in
supporting information depicts the PL spectra of the
MAPDbBr; NC film over a period of 240 h. There are no peak
shift and intensity change, suggesting a good optical stability
of the MAPbBr; NCs in ambient environment. Note that there
is a red shift of 2 nm between the MAPbBr; NC film and the
MAPDBBr; NCs in a toluene solution, which might be due to
the agglomeration of MAPbBr; NCs in the film.

Figures 3(f) and S10 (supporting information) summarize
the temporal evolution of the PL peak intensity and PL
wavelength of the PMMA-MAPDbBr; NC films in air of 80%
RH at 50 °C and 70 °C, respectively, over a period of 720 h.
There is no observable shift in the PL wavelength. The
PMMA-MAPbBr3; NC films retained ~97% and ~91% of the
initial PL intensity after 720h aging at 50 °C and 70 °C
respectively with a standard deviation of ~4% and ~6%,
respectively, as indicated by the error bars. The results

indicate that the PMMA-MAPbBr; NC films possess out-
standing optical and thermal stabilities, which can be attrib-
uted to the interaction between PMMA chains and the ligands
on the surfaces of MAPbBr; PeNCs. The strong interaction
between PMMA chains and the ligands forces the ligands
onto the MAPbBr; PeNCs, which reduces the surface trap
density of the MAPbBr; NCs and stabilizes the photoelec-
tronic performance of the MAPbBr; NCs. Note that the
separation of the ligands from MAPbBr; NCs increases the
density of trap states, resulting in inferior optical performance
[9, 43, 44].

The density of trap states can be analyzed from the
lifetime of photogenerated charge carriers. The longer the
lifetime, the less is the density of trap states due to the
decrease in nonradiative recombination [45]. Here, the pho-
togenerated carrier’s lifetime of the MAPbBr; PeNCs was
evaluated from the time-resolved PL decays [46] at the
excitation wavelength of 390 nm at room temperature. Figure
S11(a) in supporting information shows the time correlated
single photon counting (TCSPC) curve of the prepared
MAPDBBr; PeNCs. For comparison, the TCSPC curve of the
PMMA-MAPbBr; NC films is presented in figure S11(b)
(supporting information). Using a bi-exponential function
with a shorter decay component, 7;, and a longer decay
component, 7, [46], which correspond to the interactive state
(surface) and non-interactive state (core) of the samples,
respectively [47—49], to curve-fit both curves, we obtain the
longer decay components of 35.5ns and 9931.8 ns for the
MAPbBr; NCs and PMMA-MAPbBr; NC films, respec-
tively, and the shorter decay components of 8.2 ns and 12.5 ns
for the MAPbBr; NCs and PMMA-MAPbBr; NC films,
respectively, as shown in figures S11(c) and (d) (supporting
information). The significant increase in both the longer and
shorter decay components in the PMMA-MAPBBr3 NC films
clearly suggest the suppression of nonradiative recombination
channels. This is because the PMMA layer prevents the dif-
fusion of quencher molecules, such as oxygen molecules [50]
and moisture [51], to MAPbBr3; NCs.

The effect of the excitation-light power on the lifetime of
both the MAPbBr; NCs and PMMA-MAPbBr; NC films was
examined. Table S3 in supporting information summaries the
lifetimes of the MAPbBr; NC films and PMMA-MAPbBr;
NC films under the irradiation of UV light of different pow-
ers. For the MAPbBr; NCs, there are no statistically sig-
nificant differences between the longer decays and between
the shorter decays for the power of the excitation light in a
range of 32%-100% of the incident light. For the
PMMA-MAPbBr; NC films, there is no statistically sig-
nificant difference between the shorter decays for the power
of the excitation light in a range of 32%—-100% of the incident
light, while there is about ~50ns difference of the longer
decays between the excitation light with a power in a range of
79%-100% of the incident light and that with a power in a
range of 32%-50% of the incident light. However, ~50 ns is
much smaller that ~9900ns of the longer decays for the
PMMA-MAPbBr; NC films. Thus, the power of the excita-
tion light has no significant effect on the decay times of
both films.



Nanotechnology 33 (2022) 235605

X Tang et al

b) 523.5
(a) (©) ® Wavelength
- 523.0 Band gap
- 1523 nm 30 L_ -~ 5225 —— Fitting
= * 40°C g 0o B
s j 50°C | 5220 e
2 ; 60°C £
E A 80°C 2 5210
=] 1 \ 90°C
2 ; 100°C :3 5205
520 nm N, 520.0 '
= - — <
¥ — PR 519.5 L 4 ! - =b .
450 500 550 600 30 4 50 60 70 80 90 100
Wavelength (nm) Temperature (°C)

Figure 4. (a) PL spectra of the PMMA-MAPDbBr; NC films at different temperatures, and (b) temperature dependence of PL wavelength (blue

ball) and band gap (brown square).

Note that the PMMA-MAPbBr3 NC films in air of 80%
RH at 70 °C experienced a marginal decline in the PL
intensity and retained ~91% of the initial PL intensity over
720 h (figure 3(f)). The temperature increase from 50 °C to 70
°C intensifies the activities of phonons (absorption and/or
emission) of the MAPbBr; NCs, which enhances the non-
radiative  generation-recombination (Hall-Shockley—Read
(HSR)) processes [52, 53], as illustrated in figure S12 in
supporting information.

The effect of temperature on the PL characteristics of the
PMMA-MAPbBr; NC films was investigated in a temper-
ature range of 30 °C-100 °C, as shown in figure 4. The PL
peak experienced a blue shift (the wavelengths change from
long wavelength to short wavelength, and the band gap
changes in an opposite trend), suggesting the increase of the
bandgap of the MAPbBr; PeNCs with increasing temper-
ature. Simultaneously, the PL intensity decreased with the
increase of temperature due to the dissociation of excitons and
the intensifying phonon activities [52-54].

To the first-order approximation, the bandgap of a
semiconductor nanocrystal at stress-free state as a function of
the temperature change can be expressed as [55]

E(T) = E(Ty) + ar AT ®)
for |AT|/Ty < 1. Here, E is the bandgap of the semi-
conductor nanocrystal, T, is a reference temperature, 7' is
temperature, and AT is the temperature change. The para-
meter oy, which represents the dependence of bandgap on
temperature, is calculated as

OF

— . 6)
T lr—gp

ar =

There are two contributions to the temperature dependence of
bandgap—one is from thermal expansion and the other is
from electron—phonon interaction [56]. Assuming that the
coupling between the effect of thermal expansion and the
electron—phonon interaction is negligible, we can express ar

as [57]

(aE av)
ar =|—= .=

ov 0T

in which the second term represents the contribution of the
electron—phonon interaction [57]. Here, (OV/0T)r—ro, is
proportional to the coefficient of thermal expansion, and
(OE/OV)r—1v,, represents the bandgap change with the
volume of the semiconductor nanocrystal.

According to figure 4(b), the bandgap of the MAPbBr3;
NCs is approximately a linearly increasing function of
temperature, which supports the linear relationship between
the bandgap and the temperature change in equation (5) and
reveals ar > 0. Keshavarz ef al [58] reported 0.67 K~ ! for the
coefficient of thermal expansion of MAPbBr;, suggesting the
increase of the volume of MAPbBr; nanocrystals with the
increase of temperature. For semiconductor nanocrystals, the
bandgap decreases with the increase of the nanocrystal size
due to the quantum-confinement effect, i.e. (OE/OV)r—_1v,
< 0. Thus, it requires (OE/O0T)r—10., > 0. The electro—
phonon interaction in the MAPbBr; PeNCs widens the
bandgap with the increase of temperature.

It is known that the bandgap of a semiconductor is
inversely proportional to the emission wavelength, i.e.
E = hc/A (h, ¢, and )\ are the Planck constant, light speed in
vacuum and emission wavelength of photon, respectively).
According to equation (5), the emission wavelength of the
MAPDbBr; NCs, ), is also a function of temperature. To the
first-order approximation, we also have

OE

— (7
T=To.p or

T=Tye—p

AMT) = XTy) + BrAT ®)
for |AT|/Ty < 1. Using equations (5) and (8) to fit the
experimental results in figure 4, we obtain (E(Ty), A(Tp))=
(2.371eV, 522.9nm) and (az Br) = 23 x 107 *eVK ™!,
—0.047nm K ). Using the numerical values of E(Ty), A(Tp),
ar and Br, we note E(Ty) = he/NTy) and E(Ty)Br =
—ATo)avr in accord with E = he/ .
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Figure 5. (a) Schematic of experimental setup of the PL test of PMMA-NC films under compression, and (b) optical image of the system in a

dark environment.

It is known that the temperature dependence of the
intensity of the emission light can be expressed as [59]

Iy

IT) = 1 + AeCE/RT)

©))
where I(T) and I, are the PL intensities at temperature 7 and
0K, respectively, E, and kp are activation energy (also
referred to as exciton binding energy in some literatures
[60, 61]) and Boltzmann’s constant, respectively, and A is a
constant. Figure S13 in supporting information shows the
temperature dependence of the intensity of the PL peak for the
PMMA-MAPbBr; NC films. Using equation (9) to curve-fit
the data in figure S13, we obtain E4, = 478 meV. For com-
parison, the fitting curve is also included in figure S13. Note
that there is a large difference between 478 meV calculated
from figure S13 and 27.5 meV obtained from the Stokes shift.
Such a large difference indicates that the 478 meV is likely
not the exciton binding energies of the MAPbBr; NCs.

The exciton binding energies of bulk and nanocrystal
MAPDbBr; are 84 + 10meV and 320 + 100 meV, respec-
tively, as reported by Zheng et al [62] in the temperature
range of —33 °C to 77 °C. There also exist large differences
between 27.5 meV obtained from the Stokes shift and the
exciton binding energies of bulk and nanocrystal MAPbBr;
reported by Zheng et al [62], which again suggest that
478 meV obtained from equation (9) and figure S13 likely is
not the exciton binding energy of the NCs in PMMA-NC
films. It should be noted that the 478 meV obtained from the
temperature dependence of the PL intensity is close to the
upper bound of 420 meV reported by Zheng et al [62].

It is known that there likely exist two processes con-
trolling the temperature dependence of the intensity of emit-
ting light: one is associated with the delocalization of excitons
and the other is associated the thermal quenching of lumi-
nescence. Under such a case, the temperature dependence of
the intensity of the emission light needs to be expressed as
[63-65]

Iy

I = 1 + AeCE/kT) 1 BoCEa/ksT) |

(10)

Here, E| and E, represent the exciton binding energy [64] and
the activation energy for thermal quenching [63], respec-
tively, and A and B are constants. Using equation (10) to fit

the date in figure S13, we can determine E; and E,. The fitting
curve is depicted in figure S14, and the fitting equation is
presented in equation (11) as below

7.9 x 103
1 + 0.79¢ 261/RT | 137.62 x 104 x ¢ 40/RT"
(11

I(T) =

The numerical values of E; and E, are 2.61 kJ mol ™!
(27.0meV) and 40 kJ mol ' (415 meV), respectively. Here, R
is the gas constant. The exciton binding energy of the
MAPDBBr; NCs in the PMMA-NC films is 27.0 meV, in good
agreement with the one (27.5 meV) obtained from Stokes
shift (figure 3(b)). The activation energy for thermal
quenching is 415 meV. Comparing the numerical values of A
and B, we note A < B. Such a result reveals that thermal
quenching of luminescence is the dominant process control-
ling the loss of the PL intensity at high temperature.

Figure 5(a) shows a schematic of the experimental setup
used to examine the change in the PL characteristics of a
PMMA-MAPDBr; NC film on a PET substrate under com-
pression. An ITO (Indium Doped Tin Oxide) coated glass
(25 x 25 cm®) was placed on the surface of the
PMMA-MAPbBr3; NC film to form a sandwich-like structure.
The compression of the sandwich-like structure, which was
placed between an aluminum block and a stainless-steel
block, was performed at room temperature on a universal
Testing Machine (ESACU200, Shimadzu, Japan). A reflec-
tive optical (RO) probe was used to record the PL spectrum,
as shown in figure S15 in supporting information. There are
two aspects for the use of the ITO glass. First, ITO glass,
which is much stiffer than the PMMA-MAPbBr; NC film and
have a ‘smooth’ surface, allows relatively uniform compres-
sion on the PMMA-MAPbBr3; NC film. Secondly, ITO glass
has a good light-admitting quality, allowing the laser from the
RO probe to reach the PMMA-MAPbBr; NC film.
Figure 5(b) presents an optical image of the green emission of
the PMMA-MAPDbBr; NC film under compression in a dark
environment, demonstrating that the MAPbBr; NCs can emit
green light under compression.

For comparison, a set of PMMA-CsPbBr; NC films on
PET substrate with approximately the same geometrical
configuration were also prepared, in which the all-inorganic



Nanotechnology 33 (2022) 235605

X Tang et al

CsPbBr; NCs were synthesized by an antisolvent method.
The PL characteristics of the PMMA-MAPDbBr; NC films on
PET substrate under the same compression conditions were
examined.

Figures 6(a)—(d) presents the PL characteristics of the
PMMA-MAPbBBr3 NC films under the action of compressive
stress. It is evident that there is no shift in the PL peak
(523 nm), suggesting that the compressive stress of 1.6 MPa
or less has no effect on the bandgap of the MAPbBr; NCs
dispersed in the PMMA matrix. The PL peak intensity of the
PMMA-MAPbBr; NC film experienced slight decrease with
the increase of compressive stress (figures 6(a), (b)), and the
PL peak intensity of the PMMA-MAPDbBr; NC film under the
compressive stress of 1.6 MPa is ~90.5% of the initial peak
intensity. There is only a ~9.5% (0.47% in standard devia-
tion) decrease in the PL peak intensity (figure 6(b)).
Figures 6(c), (d) depicts the temporal evolution of the PL
characteristics of the PMMA-MAPDbBr; NC films under the
compressive stress of 1.6 MPa. No PL shift is observed in the
period of 6 min (figure 6(c)). The PL peak intensity experi-
enced a slight increase of ~0.4% (0.9% in standard deviation)
of the initial PL peak intensity under the compression for
6 min (figure 6(d)). Note that there is a shoulder at ~545 nm
in the PL spectra shown in figure 6(a). The presence of the
shoulder might be due to the defects on the surfaces of the
MAPDBBr; NCs since no shoulder is present under the com-
pressive stress of 1.6 MPa. The large compressive stress
enhances the interaction between PMMA and the MAPbBr;
NCs, leading to the disappearance of the defect-related PL
shoulder (figure 6(c)).

Figures 6(e)—(h) depicts the PL characteristics of the
PMMA-CsPbBr3 NC films under the action of compressive
stress. Similar to the PMMA-MAPbBr; NC films, the
PMMA-CsPbBr; NC films did not experience PL shift
(525 nm) under compressive stress for the compressive stress
less than or equal to 1.6 MPa (figure 6(e)). In contrast to the
PMMA-MAPbBr; NC films, the PL peak intensity of
the PMMA-CsPbBr; NC films increased nonlinearly with the
increase of compressive stress. There is a ~56.8% (2% in
standard deviation) increase in the PL intensity under the
compressive stress of 1.6 MPa (figure 6(f)). Figures 6(g), (h)
shows the temporal evolution of the PL characteristics of the
PMMA-CsPbBr; NC films under the action of 1.6 MPa. No
PL shift is observed in the period of 6 min (figure 6(g)). The
PL peak intensity experienced a ~10% (1% in standard
deviation) increase after the compression for 1 min and 14%
(2% in standard deviation) for 6 min (figure 6(h)).

Comparing the results shown in figures 6(b) and (d) to
those in figures 6(f) and (h), we can conclude that the effects
of compressive stress on the PL characteristics of the
PMMA-MAPDLBr; NC films are different from those on
the PMMA-CsPbBr; NC films. These results illustrate that the
PMMA-MAPbBBr3 NC films likely have potential applications
as compression-resistant LCD backlight to mitigate the clip-
ping effect due to the PL nonuniformity of backlights from
insufficient luminance in a local dimming zone under

compression. However, the increase of the PL intensity of the
PMMA-CsPbBr; NC films with the increase of the com-
pressive stress indicates that PMMA-CsPbBr; NC films are
more suitable than PMMA-MAPbBr; NC films in the appli-
cation for a down converter because an enhanced PL intensity
is required for a down converter [66].

It needs to be pointed out that the mechanisms for such a
difference are unclear and might be due to the difference in
cations (MA™ and Cs™), which likely have different interac-
tions with PMMA chains. MA™ likely has a stronger inter-
action with PMMA than Cs*, resulting in stronger
passivation of PMMA on MAPbBr; NCs than that on
CsPbBr; NCs. Under compression, the increase in the inter-
action between PMMA and CsPbBr; NCs is larger than that
between PMMA and MAPbBr; NCs, leading to more sig-
nificant passivation of PMMA on CsPbBr; NCs than on
MAPbBBr; NCs. Once the passivation is enhanced, the trap-
state density decreases and the PL intensity increases. Note
that there are other factors, which can contribute to the dif-
ference in the change of the PL peak intensity, such as the size
of NCs and stress state. From the TEM image of the CsPbBr;
NCs shown in figure S16 in supporting information, we
obtain an average size of ~11nm for the CsPbBr; NCs,
which is in accord with the XRD result in figure S17 (sup-
porting information) and smaller than ~23nm of the
MAPDBr; NCs used in the PMMA-MAPDbBr; NC films, as
calculated from the XRD pattern (figure S18 and table S4 in
supporting information).

There are two mechanisms contributing to the photo
emission of PeNCs—one is associated with core emission,
and the other is related to surface emission. Surface emission
possesses a shorter PL decay than core emission since surface
sites are more accessible to quenchers for non-radiative
recombination. PL intensity is the product of the photon
emission rate at each site and the density of emissive sites
[67]. Assume that the number of surface emissive sites is
sensitive to compression and core sites is unaffected. The
smaller the semiconductor nanocrystal, the more is the surface
sites per unit volume available for the photon emission, and
the larger is the PL intensity. Thus, there are more surface
sites for the CsPbBr; NCs than the MAPbBr; NCs. Under
compression, more surface sites per unit volume are likely
activated, leading to the increase of the PL peak intensity.
Also, the difference in the enhancement of photon transitions
under compression in PMMA matrix can contribute to the
difference of the photo emission in the response to com-
pression between the CsPbBr; NCs and the MAPDbBr3
NCs [68].

The PMMA-MAPbBr; NC films were used to construct a
light structure, which consisted of a red-emissive film
(599 nm in emission wavelength) (figure S19 in supporting
information), a green-emissive PMMA-MAPbBr; NC film
and a blue light source, to mimic LCD backlight, as shown in
figure 7(a). A blue light-emitting diode (450 nm) was used as
the light source, and an optical fiber was used to receive
optical signal from the ‘backlight’. Figure 7(b) shows an
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Figure 6. (a) PL spectra of a PMMA-MAPDbBr; NC film under different compressive stresses, (b) variation of the PL peak intensity of the
PMMA-MAPbBr; NC film with compressive stress, with error bars representing the standard deviation of the PL intensity change (same
hereinafter), (¢c) PL spectra of the PMMA-MAPbBr; NC film under a compressive stress of 1.6 MPa at different instants, (d) temporal
evolution of the PL peak intensity of the PMMA-MAPbBr; NC film under a compressive stress of 1.6 MPa, (e) PL spectra of a PMMA-
CsPbBr; NC film under different compressive stresses, (f) variation of the PL peak intensity of the PMMA-CsPbBr; NC film with
compressive stress, (g) PL spectra of the PMMA-CsPbBr; NC film under a compressive stress of 1.6 MPa at different instants, and (h)
temporal evolution of the PL peak intensity of the PMMA-CsPbBr; NC film under a compressive stress of 1.6 MPa.

10



Nanotechnology 33 (2022) 235605

X Tang et al

(b)

~_
(@]
e

Green

Blue light film

Red film

PL intensity (a.u.)

450

500 550 600
Wavelength (nm)

650

—— This work
weereeree. NTSC
Rec 2020

X

Figure 7. (a) Schematic of the experimental configuration of a backlight with a red-emissive film, a green-emissive PMMA-MAPbBr; NC
film and a blue light source, (b) optical image of the backlight structure, (c) PL spectrum of backlight, and (d) the color gamut coverage of the
PMMA-MAPDbBr3; NC films (black solid line), NTSC 1953 (blue dotted line) and Rec 2020 standard (red dashed line).

optical image of the ‘backlight’, which emitted strong white
light. Figure 7(c) presents the emission spectrum of the
‘backlight’. There are three emission peaks of 630 nm (red),
537 nm (green), and 450 nm (blue). Note that stacking the
red-emissive film with the green-emissive film leads to a red
shift for the PL peak of the red-emissive film under the blue
light. Such a trend is consistent with the result reported by Li
et al [25].

Using the Commission Internationale de I’Eclairage
(CIE) color coordinates (table S5, supporting information),
we calculated the color gamut of the ‘backlight’ and found
that it covered ~114% and ~85% of that of NTSC 1953 and
Rec 2020, respectively (figure 7(d)). Such a result demon-
strates that the PMMA-MAPDbBr; NC films have the potential
to be used as an important component for LCD backlight
display.

The light efficiency of the backlight is assessed with the
PLQY of the PMMA-MAPDbBr; NC films. The PLQY of the
films is 13.12%, which is much lower than the corresponding
MAPbBr; NCs due to the reabsorption loss in the

11

PMMA-MAPbBr; NC films, as revealed by the small Stokes
shift between the PL and absorbance peaks [69].

Conclusion

In summary, we have prepared micro-sized MAPbBr; crystals
(powders) solely using DI water as solvent for the precursor
solution for the first time without conventional, environ-
mental-harmful orgonic solvents, such as DMF and DMSO,
and heating at 40 °C. The as-prepared MAPbBr; powders
were further ultrasonicated in toluene to produce MAPbBr;
NCs with oleic acid (OA) and oleylamine (OAm) as ligands
to stabilize MAPbBr; NCs. There are two important chemical
reactions contributing to the production of micro-sized
MAPDBBr; crystals—the formation of MA4PbBrg white pre-
cipitates from the reaction between MABr and PbBr, in the
DI water and the formation of MAPbBr3 powders from the
reaction between MA,PbBrg and PbBr, at 40 °C. Both the
MAPbBBr; powders and NCs are cubic phase.
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The compression with the compressive stress less than
and equal to 1.6 MPa has no effect on the PL spectral shape
and bandgap of both the PMMA-MAPbBr; NC films and the
PMMA-CsPbBr; NC films. Increasing the compressive stress
to 1.6 MPa caused a ~9.5% decrease of the PL peak intensity
for the PMMA-MAPDbBr; NC films and a ~56.8% increase in
the PL intensity for the PMMA-CsPbBr; NC films. The
PMMA-MAPbBr; NC films exhibited much better stability in
the PL peak intensity than the PMMA-CsPbBr; NC films
under compression for the compressive stress less than and
equal to 1.6 MPa.

Using a PMMA-MAPDbBr; NC film, a red emissive film
and a blue LED (450 nm), we constructed an LCD ‘back-
light’. The ‘backlight’ emitted strong white light with red
emission (630 nm), green emission (537 nm) and blue emis-
sion (450 nm), and the color gamut covered ~114% and
~85% of that of NTSC 1953 and Rec 2020, respectively.

The method developed in this work provides a simple
technique to greenly produce MAPbBr; NCs and circumvents
the use of harmful organic solvents in the precursor solution.
It also opens a new route to produce lead halide perovskite
microcrystals and nanocrystals in a large scale, which can
benefit for the eco-friendly manufacturing of compression-
resistant backlight films for flexible LCD applications.

Experimental section

Materials

The materials used were MABr (99.9%, Sigma-Aldrich),
CsBr (99.9%, Beantown Chemical), N,N-dimethylformamide
(DMF) (VWR), PbBr; (>98%, Strem Chemicals Inc.), oley-
lamine (OAm) (>50%, TCI America), oleic acid (OA)
(Ward’s Science), toluene (VWR) and PMMA (99.9%,
Sigma-Aldrich). No further purification was performed for all
the received chemicals used in this work.

Preparation of MAPbBr; powders

MAPDBr; powders were prepared with DI water as sole
solvent, similar with our previous work [33]. Equimolar
(1 mmol) MABr and PbBr, were dissolved in 2 ml DI water,
and white precipitates were formed in DI water after shaking.
The as-obtained white precipitates were placed on a glass
plate. The glass plate with the white precipitates was then
heated on a hot plate at 40 °C for 30 min, leading to the
formation of orange MAPbBr; powders.

Preparation of MAPbBrz NCs

The MAPDbBr; NCs were derived from the orange MAPbBr;
powders via ultrasonication in toluene, as shown schemati-
cally in figure 1. Briefly, 0.02 g of MAPbBr; powders were
added into 5 ml toluene with 50 ul OA and 25 pl OAm to
form a suspension. The suspension was ultrasonicated in a
water bath for 400 min, and a MAPbBr; NC solution was
obtained. The final MAPbBr; NC solution was produced by a
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filtration of the supernatant of ultrasonicated MAPbBr; NC
solution with a 0.2 ym syringe filter.

Preparation of CsPbBr; NCs via an antisolvent method

Using an antisolvent method [23], we prepared CsPbBr; NCs.
Briefly, a suspension made from DMF (10ml), OAm
(0.5ml), OA (1 ml), CsBr (0.4 mmol) powder and PbBr,
(0.4 mmol) powder was prepared. Vigorously stirring the
suspension at 30 °C overnight led to the formation of a pre-
cursor solution. 1 ml of the prepared precursor solution was
rapidly dropped in toluene (10 ml) under stirring to form
CsPbBr; NCs.

Preparation of PMMA-MAPbBrs NC films and PMMA-CsPbBrs
NC films

Moderate MAPbBr; NCs were added into a PMMA solution
(0.02 mg mlfl, toluene as solvent) to form a PMMA-NC
solution with a concentration of 660 mgml~'. A PET plate
(2.5 % 2.5 cm®) with a layer of the as-obtained PMMA-NC
solution coated on its surface was heated on a hot plate at 60
°C for 10min, leading to the production of a
PMMA-MAPbBr; NC film. Following the same process with
CsPbBr; NCs, we obtained a PMMA-CsPbBr; NC film.

Fabrication and measurement of PMMA-MAPbBrs NC
‘backlight’ films

A red emissive film was first prepared by spin-coating 100 pl
red ink, which was extracted from a red EXPO marker pen,
on a glass plate (2.5 x 2.5 cm?®) at 2500 rpm for 45 s. A green
emissive PMMA-MAPbBr; NC film and the red emissive
film were then vertically combined with a 450 nm blue light-
emitting diode (LED) of 100 mW in power (Model:0510,
Laserland) to form a white emissive ‘LED’. An optical probe
was placed perpendicularly to the ‘backlight film’ to collect
light emission.

PL measurements under compression

A compressive force in a range of 0—1000 N was applied onto
the films. The force was increased by 100 N every 5 min with
a holding time of 2 min at each force. The holding time for the
force of 1000 N was 6 min. The PL measurement was con-
ducted after 1 min in the holding stage. The compression was
carried out at room temperature on a universal Testing
Machine (ESACU200, Shimadzu, Japan). A reflective RO
probe was used to record the PL signal (figure 5).

Characterization

TEM (transmission electron microscopy) and HRTEM (high
resolution transmission electron microscopy) (Thermo-scien-
tific Talos F200X TEM operated at an accelerating voltage of
200 kV) analyses were performed to examine the morpholo-
gies and crystal structures of the perovskite NCs. Energy
dispersive X-ray (EDX) spectroscope (Thermo-scientific
Super-X System with four windowless silicon-drift-detectors



Nanotechnology 33 (2022) 235605

X Tang et al

(SDD) installed on a Talos F200X, TEM) was used to analyze
the compositions of the NCs. XRD (X-ray diffraction)
measurements were conducted on a diffractometer (Bruker-
AXS D8 Discover) with a radiation of CuK,, (A =1.54060 A).

The Rigaku D/Max 2000 X-ray diffractometer unit with
a Eulerian cradle was used to conduct the measurement and
analysis of the (100) and (200) pole figures of the sample. The
alpha rotation angle was from 15° to 90°, and alpha step angle
was 5° by the Schulz back-reflection method using CuK,
radiation.

PL and TCSPC (time correlated single photon counting)
measurements

PL spectra and PL decay curves were collected on a Horiba
Scientific Fluoromax Plus-C fluorometer. Entrance and exit
slit widths were controlled to give 2 nm bandwidths with an
PL integration time of 0.1s. For the collection of PL-decay
curves, a DeltaHub™ high throughput TCSPC controller and
a NanoLED-390 pulsed excitation source (excitation wave-
length 393 £+ 10 nm) were used for TCSPC. PL-decay curves
were collected at 425 and 465 nm emission with 5nm
bandpass at a repetition rate of 1 MHz over a measurement
time of 200ns. Instrument response function (IRF) was
determined by measuring the scattering of the excitation
source with a ludox sample. The fitting of decay curves was
obtained using a Horiba Scientific decay analysis soft-
ware (DAS6).

UV-vis absorption spectrum

UV-vis absorbance was measured using a Thermo Scientific
Evolution 201 UV-visible spectrophotometer. The absor-
bance of samples was measured in transmittance mode
(without any correction to the scattering from nanocrystals) in
the wavelength range of 300-800 nm with a spectral band-
width of 1 nm and integration time of 0.1 s.

PLQY (absolute photoluminescence quantum yield)
measurements

Absolute PLQYSs of samples were determined on a Horiba
Scientific Fluoromax Plus-C fluorometer. A solid sample was
mounted on a sample stage and placed in an integrating
sphere. An excitation wavelength of 390 nm was used for
PLQY measurements with a 0.5nm slit width and 0.1s
integration time. PLQY calculations were done using a Hor-
iba Scientific FluorEssence™ software. Absolute photo-
luminescence quantum yield measurements were carried out
on a Horiba Scientific fluorescence spectrometer (Fluoromax
Plus-C) with an integrating sphere. The Raleigh scattering
peak of the excitation and the PL from the specimen were
acquired by scanning the emission in a range of 360-650 nm.
A blank substrate without specimen was scanned in the same
scanning range. The PLQY was calculated using the Horiba
Scientific Fluor Essence TM software with a factory acquired
integrating sphere correction as PLQY = ((PB — PA)/(LA
— LB)) 100%. Here, (PB - PA) is the number of emitted
photons, (LA — LB) is the number of absorbed photons, LA
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is total number of incident photons, LB is total photons not
absorbed by the specimen, PA is the ‘Dark signal’ in the
emission-wavelength area, and PB is total number of the
photons emitted in the emission-wavelength area.
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